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Lineage diversification in the vertebrate neural crest may occur via instructive signals acting on pluripotent cells, and/or via early
specification of subpopulations towards particular lineages. Mesencephalic neural crest cells normally form cholinergic parasympathetic
neurons in the ciliary ganglion, while trunk neural crest cells normally form both catecholaminergic and cholinergic neurons in sympathetic
ganglia. In contrast to trunk neural crest cells, mesencephalic neural crest cells apparently fail to express the catecholaminergic transcription
factor dHAND in response to BMPs in the head environment. Here, we show that migrating quail mesencephalic neural crest cells grafted
into the trunk of host chick embryos colonise the sympathetic ganglia. While many express dHAND and form tyrosine hydroxylase (TH)-
positive catecholaminergic neurons, the proportion that expresses either dHAND or TH is significantly smaller than that of quail trunk neural
crest cells under the same conditions. Furthermore, the proportion of quail mesencephalic neural crest cells that is TH+ in the sympathetic
ganglia decreases with time, while the proportion of TH+ quail trunk neural crest-derived cells increases. Thus, a subset of mesencephalic
neural crest cells fails to express dHAND or TH in the sympathetic ganglia, while a further subset initiates but fails to maintain TH
expression. Taken together, our results suggest that a subpopulation of migrating mesencephalic neural crest cells is refractory to
catecholaminergic differentiation signals in the trunk. We suggest that this heterogeneity, together with local signals that repress
catecholaminergic differentiation, may ensure that most ciliary neurons adopt a cholinergic fate.
D 2004 Elsevier Inc. All rights reserved.
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The vertebrate neural crest is a transient embryonic cell
population that arises at the neural plate border and
undergoes extensive migration throughout the embryo to
differentiate into a wide variety of different neuronal and
non-neuronal derivatives (reviewed in Hall, 1999; Le
Douarin and Kalcheim, 1999). Two opposing hypotheses
exist to explain how this lineage diversification is achieved.
One proposes that the neural crest comprises a homoge-
neous population of multipotent cells whose differentiation
is instructively determined by environmental signals. The0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.10.024
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E-mail address: cvhb1@cam.ac.uk (C.V.H. Baker).second suggests that the neural crest is a heterogeneous
population of committed cells whose differentiation occurs
in permissive environments. These models are not mutually
exclusive and there is evidence to support aspects of both.
Multipotent neural crest cells have been identified that
differentiate in response to inductive environmental cues
(reviewed in Anderson, 1997; Le Douarin and Kalcheim,
1999; Sommer, 2001). Indeed, neural crest stem cells persist
throughout development (Morrison et al., 1999, 2000;
White et al., 2001). However, there is also substantial
evidence to support the specification, though not necessarily
irreversible commitment, of subpopulations of neural crest
cells very early in development, both before and during
migration (reviewed in Anderson, 2000; Dorsky et al.,
2000).278 (2005) 175–192
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neural crest cell populations was based on antigenic
variation. Mesencephalic neural crest cells give rise to the
cholinergic neurons of the parasympathetic ciliary ganglion
during normal development (Narayanan and Narayanan,
1978; Noden, 1978). An antigen associated with high-
affinity choline uptake is found both in the ciliary ganglion
and in a small subpopulation of migrating mesencephalic
neural crest cells (Barald, 1988a,b), suggesting that a
subpopulation of these cells may already be specified to
form cholinergic neurons even during early migration
stages. Further support for this hypothesis is given by the
observation that mesencephalic neural crest cells in culture
form cholinergic neurons 2 days earlier, and as a higher
proportion of total neurons, than do trunk neural crest cells
under the same culture conditions (Leblanc et al., 1990).
These results also suggested the more general point that
mesencephalic and trunk neural crest cell populations
respond differently to the same environment. Indeed, recent
papers confirm that mesencephalic and trunk neural crest
cells differ dramatically in their responses to the same
survival and differentiation factors in vitro (Abzhanov et al.,
2003) and that mesencephalic and trunk neural crest cells
differ in the extent of their contribution to different neuronal
and non-neuronal derivatives in vivo (Lwigale et al., 2004).
One study has proposed that intrinsic differences
between different neural crest cell populations may underlie
the formation of noradrenergic sympathetic neurons versus
cholinergic parasympathetic neurons in response to bone
morphogenetic proteins (BMPs) (White et al., 2001). Neural
crest stem cells (NCSCs) isolated from rat sciatic nerve
primarily form cholinergic parasympathetic neurons when
transplanted into the trunk of host chick embryos, while
migrating rat trunk NCSCs primarily form noradrenergic
sympathetic neurons under the same conditions (White et
al., 2001). BMPs from the dorsal aorta have long been
known to be important for the induction of noradrenergic
sympathetic neurons from trunk neural crest cells (reviewed
in Goridis and Rohrer, 2002). BMPs induce the expression
of a hierarchy of transcription factors in trunk neural crest
cells, including Mash1, Phox2a/2b and dHAND (Hand2)
(reviewed in Brunet and Pattyn, 2002; Goridis and Rohrer,
2002). These transcription factors in turn control the
expression of catecholaminergic markers such as tyrosine
hydroxylase (TH) and dopamine h-hydroxylase (DBH)
(reviewed in Brunet and Pattyn, 2002; Goridis and Rohrer,
2002). Rat sciatic nerve NCSCs seem to be less sensitive to
BMP2 than migrating rat NCSCs (White et al., 2001). This,
together with the observation that cholinergic neurons
differentiate at lower BMP2 concentrations than noradre-
nergic neurons, was suggested to underlie the preferential
differentiation of rat sciatic nerve NCSCs into cholinergic
neurons in the chick trunk (White et al., 2001).
In contrast, it has also been proposed that local environ-
mental signals in the head repress dHAND and consequently
catecholaminergic differentiation in the ciliary ganglion(Mu¨ller and Rohrer, 2002). BMPs near the eye are necessary
and sufficient for the formation of cholinergic ciliary
ganglion neurons from mesencephalic neural crest cells
(Mu¨ller and Rohrer, 2002). BMPs induce Cash1 (chick
Mash1) and Phox2a/2b, but not dHAND, in mesencephalic
neural crest cells, although a subpopulation of developing
ciliary neurons transiently expresses the catecholaminergic
markers TH and DBH (Mu¨ller and Rohrer, 2002). Over-
expression of BMP4 in the head failed to elicit increased TH
expression in the ciliary ganglion, while overexpression of
dHAND (which presumably overrides the local repressive
signals postulated by the authors’ hypothesis) strongly
increased the number of TH+ cells in the ciliary ganglion
(Mu¨ller and Rohrer, 2002). dHAND seems to be essential
for maintaining the noradrenergic phenotype, suggesting
that in the absence of dHAND, neurons adopt a cholinergic
fate in response to BMPs (Mu¨ller and Rohrer, 2002). The
authors propose that local environmental signals repress
dHAND in the ciliary ganglion (Mu¨ller and Rohrer, 2002).
The main difference between the BMP-mediated induction
of noradrenergic sympathetic neurons from trunk neural
crest cells, versus that of cholinergic parasympathetic
neurons from mesencephalic neural crest cells, may be the
failure of mesencephalic neural crest cells in the head to
express dHAND in response to BMPs (Mu¨ller and Rohrer,
2002). The lack of dHAND expression and the virtually total
downregulation of TH and DBH by E8 represent major
differences between the differentiation of mesencephalic
and trunk neural crest cells into ciliary and sympathetic
neurons, respectively.
Taken together, these results suggest at least two
hypotheses to explain the different responses of mesence-
phalic and trunk neural crest cells to BMPs at sites of
autonomic neurogenesis in the head and trunk, respectively.
Firstly, the mesencephalic neural crest cells that populate the
ciliary ganglion may differ from trunk neural crest cells in
that they are biased towards a cholinergic fate, or less likely
to adopt a catecholaminergic fate, perhaps because they fail
to express dHAND in response to BMPs. Alternatively, local
environmental signals in the head could repress dHAND
expression in the mesencephalic neural crest cells that
populate the ciliary ganglion, leading to cholinergic differ-
entiation. Thirdly, perhaps both these mechanisms act in
concert to ensure that the great majority of ciliary neurons
adopt a cholinergic fate.
Previous heterotopic grafting experiments support the
hypothesis that local signals repress catecholaminergic
differentiation in the head, since after transplantation into
the trunk, both premigratory cephalic neural crest cells and
postmigratory ciliary ganglion cells adopt a catecholami-
nergic phenotype in the sympathetic ganglia and adrenal
glands (Coulombe and Bronner-Fraser, 1986; Dupin, 1984;
Le Douarin and Teillet, 1974; Le Douarin et al., 1978; Le
Lie`vre et al., 1980; Sechrist et al., 1998). However, these
were qualitative studies: no statistical comparison was made
between the proportion of mesencephalic versus trunk
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autonomic sites. Hence, it is possible that significant
differences between the two populations might have been
missed. Furthermore, the fate of mesencephalic neural crest
cells isolated during their migration, that is, at the stage in
their development when they normally encounter differ-
entiation signals, has not yet been examined in the trunk.
Here, we challenge migrating mesencephalic neural crest
cells with the trunk autonomic environment in vivo. We find
that many mesencephalic neural crest cells express dHAND
and catecholaminergic markers in the sympathetic ganglia,
confirming previous results showing that mesencephalic
neural crest cells can adopt a catecholaminergic fate in the
trunk (Coulombe and Bronner-Fraser, 1986; Le Douarin and
Teillet, 1974; Le Douarin et al., 1978; Le Lie`vre et al., 1980;
Sechrist et al., 1998). However, relative to trunk neural crest
cells under the same conditions, a statistically significant
subset of mesencephalic neural crest cells in the sympathetic
ganglia and adrenal glands fails to express either dHAND or
catecholaminergic markers. A further subset initiates but
fails to maintain catecholaminergic marker expression.
These results suggest that a subset of migrating mesence-
phalic neural crest cells is refractory to catecholaminergic
differentiation and/or maintenance signals in vivo. Our
results demonstrate that early heterogeneity within the
migrating mesencephalic neural crest cell population affects
their response to differentiation signals in vivo. They
provide support for the idea that local environmental
signals, together with heterogeneity within different neural
crest cell populations, act together to ensure cholinergic
differentiation within the ciliary ganglion.Materials and methods
Quail-chick grafts
Fertilised quail (Coturnix coturnix japonica) and chick
(Gallus gallus domesticus, White Leghorn and Rhode
Island Red) eggs were obtained from commercial sourcesFig. 1. Schematics to show (A) heterotopic graft of migrating mesencephalic neu
plate mesoderm of a chick host, at the level of the segmental plate. (B) Heterotopic
plate mesoderm of a chick host, at the level of the segmental plate. (C) Isotopic graf
tube of a chick host, at the level of the segmental plate.and incubated at 388C in a humidified atmosphere. Embryos
were staged according to the number of somites formed. A
window was cut in the quail shell and a 1:25 mixture of
India ink and Ringer’s solution injected into the sub-
blastodermal cavity to reveal the embryo. The vitelline
membrane in the region of the surgery was removed, and the
region to be grafted was explanted using a pulled glass
needle. The chick embryo host was similarly prepared; host
tissue from the graft site was removed immediately before
transfer of the donor tissue. The window was sealed with
clear tape (Scotchk Nr. 3841) and the host egg replaced in
the incubator. Two types of experimental and two types of
control graft were performed (see schematics in Fig. 1).
Experimental grafts(1) For grafts of ophthalmic trigeminal placode ectoderm
only, quail ectoderm lateral to the mesencephalon from
quail donors younger than the 7-somite stage (i.e.,
prior to neural crest emigration) was grafted over the
lateral plate mesoderm of host chick embryos, at the
level of the segmental plate (Fig. 1A).
(2) For grafts of ophthalmic trigeminal placode ectoderm
and migrating subjacent mesencephalic neural crest
cells, quail ectoderm lateral to the mesencephalon from
quail donors (older than 7 somites) was grafted over
the lateral plate mesoderm of host chick embryos, at
the level of the segmental plate (Fig. 1A).
Control grafts of trunk neural crest
For grafts of premigratory trunk neural crest, donor quail
embryos were explanted into ice-cold Ringer’s solution and
incubated in 1 mg/ml dispase in HEPES-buffered Dulbec-
co’s Modified Eagles Medium (DMEM; Invitrogen) for 10
min on ice and 5 min at 378C. After at least 10-min recovery
on ice in Ringer’s solution containing 10% heat-treated
sheep serum, they were transferred to cold Ringer’s solution
for dissection. Trunk neural tube (sometimes with adherent
notochord) at the level of the last-formed six somites was
dissected out from 8 to 24 somite-stage quail embryos usingral crest cells (plus overlying ectoderm) from a quail donor over the lateral
graft of quail neural tube (at the level of the last 6 somites) over the lateral
t of quail neural tube (at the level of the last 6 somites) in place of the neural
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cases, it was divided along the midline to give rise to
unilateral pieces of trunk neural tube. The quail donor neural
tube was then grafted into a host chick embryo either
heterotopically or isotopically:
(a) For heterotopic control grafts of premigratory trunk
neural crest, neural tube (whole or unilateral) from 8 to
14 somite-stage quail donors was heterotopically
inserted over the lateral plate mesoderm of 8–16
somite-stage chick hosts, at the level of the segmental
plate (Fig. 1B).
(b) For isotopic control grafts of premigratory trunk neural
crest, neural tube from 17 to 24 somite-stage quail
donors was grafted isotopically in place of the neural
tube of 16–22 somite-stage chick hosts, at the level of
the last-formed six somites (Fig. 1C).
Immunohistochemistry
Embryos collected after 13 h to 2 days of incubation
were fixed in 4% paraformaldehyde for 1–2 h and processed
for cryostat sectioning as described (Sechrist et al., 1995).
Embryos collected after 3–6 days of incubation were fixed
in 4% paraformaldehyde for 4–6 h at room temperature or
overnight at 48C and similarly processed. Eight to 14 Am
cryosections of embryos were mounted on SuperfrostR Plus
glass slides (Fisher) and the gelatin removed by treating the
slides in phosphate-buffered saline (PBS) at 428C for 5 min.
Primary antibodies used in the course of this work are
detailed in Table 1. Subtype-specific FITC-, TRITC-,
biotinylated-, horseradish peroxidase- and alkaline phos-
phatase (AP)-conjugated secondary antibodies were
obtained from Southern Biotechnology, Zymed and Amer-
sham. Subtype-specific Alexak488-, Alexak568- and
Alexak594-conjugated secondary antibodies were obtained
from Molecular Probes. Antibodies were diluted in PBS
containing 0.1% bovine serum albumin and 0.1% Triton X-
100. Slides were generally incubated overnight at 48C in
primary antibody solution, and for 1–2 h in secondary
antibody solution, with three 5-min washes in PBS between
each step. Where biotinylated secondary antibodies were
used, slides were further incubated for 1 h in avidin-
NeutrAvidink Alexak 350 (Molecular Probes) at 1:100 inTable 1
Antibodies used in the course of this work
Antibody Antigen Subtype
HNK1 Carbohydrate antigen Mouse IgM
Hu Human neuronal protein HuC/D Mouse IgG2b
NF-M (RMO 270.3) Neurofilament Mouse IgG2a
QCPN Quail cells Mouse IgG1
TH Tyrosine hydroxylase Mouse IgG2a
TrkB TrkB Rabbit IgG
DSHB, Developmental Studies Hybridoma Bank. The Developmental Studies H
maintained by the University of Iowa, Department of Biological Sciences, IowaPBS, followed by three 5-min washes in PBS. Slides were
washed in distilled water, mounted in Fluoromount-G
(Southern Biotechnology) and viewed by fluorescent micro-
scopy. Only those chimeras that had successfully incorpo-
rated the donor graft were scored.
Some embryos collected after 2–4 days of incubation
(E3.5–6) were fixed in Carnoy’s solution (60% ethanol,
30% chloroform, 10% acetic acid), dehydrated in 100%
ethanol, changed into Histosol (National Diagnostics),
embedded in ParaplastR (Oxford Labware) under reduced
air pressure and sectioned at 5–6 Am. The sections were
dried overnight at 378C and stored at room temperature.
Endogenous peroxidase was blocked by incubating sections
for 30 min in 0.015% hydrogen peroxide in PBS. The
sections were then processed for QCPN staining as
described above, but using horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG1 (Zymed) at 1:200 as the
secondary antibody. The colour reaction was performed in
0.05 mg/ml diaminobenzidene 3-3V tetrahydrochloride
(DAB; Sigma), 0.0045% hydrogen peroxide in PBS. The
sections were then incubated overnight at 48C with anti-
neurofilament antibody, followed by 2 h at room temper-
ature in alkaline phosphatase (AP)-conjugated secondary
antibody at 1:300 in PBS. The AP colour reaction was
performed using AP substrate kit I (red) (Vector Laborato-
ries), according to the manufacturer’s instructions. Gill’s
hematoxylin (Fisher) was used as a background nuclear
stain. The slides were dehydrated and mounted in Permount
(Fisher).
In situ hybridisation on paraffin sections
For in situ hybridisation on paraffin sections, embryos
were fixed in modified Carnoy’s solution (60% ethanol,
11.1% formaldehyde, 10% acetic acid). After dehydration
and paraffin sectioning at 5–6 Am as described above, in situ
hybridisation was carried out as detailed in Etchevers et al.
(2001), except that the slides were not treated with
proteinase K, and the first two post-hybridisation washes
were in 50% formamide, 1 SSC, 0.1% Tween-20 at 658C.
A detailed protocol is available on request.
In situ probes for chicken Phox2a and VAChT were kind
gifts from Dr. Jean-Franc¸ois Brunet and Dr. Hermann
Rohrer, respectively.Used at Source Reference
1:10 Available from Chemicon Tucker et al. (1988)
1:500 Molecular Probes Wakamatsu and Weston (1997)
1:300 Dr. Virginia Lee Lee et al. (1987)
1:1 DSHB (B. Carlson and
J. Carlson)
See Selleck and Bronner-Fraser
(1995)
1:1 DSHB Fauquet and Ziller (1989)
1:1000 Dr. Louis Reichardt von Bartheld et al. (1996)
ybridoma Bank was developed under the auspices of the NICHD and is
City, IA 52242.
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slides were blocked for 30 min in 0.015% hydrogen
peroxide in PBS. After three 5-min washes in PBS (and
between each subsequent antibody application), the slides
were incubated in 1:1 QCPN under coverslip for 2–4 h.
After 1–2 h under coverslip with biotinylated goat anti-
mouse IgG1 (Southern Biotechnology) at 1:100, the
Vectastain ABC Peroxidase standard kit (Vector Labs) was
used according to the manufacturer’s instructions. The DAB
colour reaction was performed as described above. The
slides were rinsed extensively in PBS and either mounted in
Fluoromount-G (Southern Biotechnology), or dehydrated
and mounted in Permount (Fisher), for viewing in bright
field with or without Nomarski optics.Results
Analysis of the neuronal fate of migrating mesencephalic
neural crest cells in the trunk
Mesencephalic neural crest cells emigrate from the
midbrain from the 6-somite stage in the chick (Tosney,
1982). Migrating mesencephalic neural crest cells can easily
be explanted for grafting from the 8-somite stage onwards,
when they are visible as a bfringeQ on either side of the
midbrain (see e.g., Baker et al., 1997). However, any
analysis of the neuronal derivatives of the migrating
mesencephalic neural crest population grafted to the trunk
is complicated by the fact that the overlying midbrain-level
surface ectoderm, which is included in the graft, encom-
passes part of the ophthalmic trigeminal (opV) placode
(Baker et al., 1997; D’Amico-Martel and Noden, 1983). The
opV placode, for which the earliest known marker is Pax3
(Stark et al., 1997), gives rise to sensory neurons in the
ophthalmic lobe of the trigeminal ganglion (D’Amico-
Martel and Noden, 1983; Hamburger, 1961).
By placing the graft over the lateral plate mesoderm, we
could distinguish between mesencephalic neural crest-
derived and opV placode-derived neurons. We previously
found that Pax3+ quail opV placode cells are committed to
forming neurons, even in the trunk, where they contribute
large-diameter, TrkB+ neurons to dorsal root ganglia,
sympathetic ganglia and various ectopic sites (Baker et al.,
2002). OpV placode ectoderm robustly expresses Pax3 after
the 8-somite stage (Baker et al., 1999; Stark et al., 1997).
Hence, all grafts of migrating mesencephalic neural crest
cells also contain Pax3+ opV placode cells. However, we
previously found that 5–6 somite-stage opV placode
ectoderm, grafted to the lateral plate mesoderm, gives rise
to a few neurons (Baker et al., 1999). These are always
located on the spinal nerve and, importantly, do not
contribute to neural crest-derived ganglia (unpublished
observation, C.V.H.B.; this paper). In contrast, when
mesencephalic neural crest cells are included in such grafts
over the lateral plate mesoderm, many quail neurons areseen in the sympathetic ganglia (also see Serbedzija and
McMahon, 1997). After such grafts to the lateral plate
mesoderm, any quail neurons in neural crest-derived ganglia
must be derived from mesencephalic neural crest cells and
not from the opV placode.
In order to confirm that opV placode-derived neurons do
not contribute to neural crest-derived ganglia when grafted
over the lateral plate mesoderm, we performed a systematic
analysis of the fate of opV ectoderm grafted over the lateral
plate mesoderm (see schematic in Figs. 1A, 2A), using
antibodies against neuronal markers (anti-neurofilament or
anti-HuC/D immunohistochemistry) on sections of chimeric
embryos. At embryonic day (E) 3.5–6 (i.e., 2–4 days post-
graft; 3–6 somite-stage quail donors; 7–20 somite-stage
chick hosts; grafts at the level of the segmental plate), 63%
of the embryos (n = 19) contained quail neurons after opV
placodal ectoderm alone was grafted over the lateral plate
mesoderm. All of these neurons were located on or
associated with the spinal nerve. Indeed, in 58% of the
embryos that contained quail neurons (n = 12), these
neurons were clustered together in ectopic ganglia on the
spinal nerve (Figs. 2B–D).
Importantly, no quail neurons were seen in the neural
crest-derived dorsal root or sympathetic ganglia in these
embryos, suggesting that after grafts over the lateral plate
mesoderm, opV ectoderm-derived cells are not attracted
from a distance to neural crest-derived ganglia. It is formally
possible that when neural crest cells are present in the graft,
opV placode-derived cells follow the neural crest cells
medially. However, after grafts of migrating mesencephalic
neural crest cells (plus overlying opV ectoderm) over the
lateral plate mesoderm, none of the graft-derived neurons
found medially are large-diameter, TrkB+ neurons (tested by
immunohistochemistry on sections of E5.5–8 embryos, 9–
10 somite-stage quail donors; 14–20 somite-stage chick
hosts; grafts at the level of the segmental plate; n = 4; data
not shown). Large-diameter, TrkB+ neurons are the sole
derivative of Pax3+ opV placode-derived cells in the trunk
after grafts of opV placode ectoderm alone (Baker et al.,
2002), suggesting that opV placode-derived cells do not
move medially with the grafted neural crest cells after grafts
over the lateral plate mesoderm. Hence, when mesence-
phalic neural crest cells (plus overlying opV ectoderm) are
grafted over the lateral plate mesoderm, any quail neurons in
the sympathetic ganglia can be assumed to derive from the
mesencephalic neural crest.
Mesencephalic neural crest cells contribute neurons to sites
of autonomic neurogenesis
Quail neurons, as identified by anti-neurofilament or
anti-HuC/D immunohistochemistry, were found in various
locations at differing frequencies in host chick embryos at
E3.5–8, that is, 2–6 days after grafts of migrating
mesencephalic neural crest cells (plus overlying opV
placode ectoderm) over the lateral plate mesoderm (8–11
Fig. 2. Ophthalmic trigeminal (opV) placode-derived neurons colonise the spinal nerve after grafts of opVectoderm over the lateral plate mesoderm at the level
of the segmental plate. (A) Schematic showing the graft procedure. (B) Transverse section through an E5.5 chick embryo, fixed 4 days after receiving a graft of
4-somite stage midbrain-level (prospective opV placode) quail ectoderm over the lateral plate mesoderm at the 10-somite stage. (C) High-power view of boxed
region in B, showing an ectopic ganglion on the spinal nerve made up entirely of quail neurons (brown nuclei; pink neurofilament staining). (D) High-power
view of a similar quail ganglion (brown QCPN+ nuclei; pink neurofilament staining) on the spinal nerve of an E6 chick embryo, fixed 4 days after receiving a
graft of 5-somite stage midbrain-level ectoderm over the lateral plate mesoderm at the 19-somite stage. a, aorta; nc, notochord; nt, neural tube; sn, spinal nerve.
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grafts at the level of the segmental plate; n = 18) (see Fig.
1A for a schematic of the graft). Almost all embryos (94%,
n = 18) contained quail neurons in the sympathetic ganglia.
After grafts posterior to the level of somite 17, quail neurons
were often found in the adrenal glands, clustered together
with host neurons (39% of all embryos, n = 18). In one
embryo (6%, n = 18; 10-somite stage donor; 17-somite
stage host), quail neurons were found in enteric ganglia,
including Remak’s ganglion (data not shown). Neurons
were never seen in the dorsal root ganglia (0%, n = 18),
probably reflecting the lateral location of the graft and a
failure to penetrate sufficiently dorsally to contribute to the
dorsal root ganglia (see section on control grafts, below).
However, large quail neurons were sometimes found
scattered along the spinal nerve (28%, n = 18) and in one
embryo (6%, n = 18; 9-somite stage donor; 17-somite stage
host) these were collected into an ectopic ganglion on the
spinal nerve (data not shown). These neurons may be
derived from opV placode ectoderm (see preceding section)
and were not investigated further.
In additional to quail neurons, quail Schwann cells,
identified by their distribution and by their characteristic
elongated nuclei, were found along the spinal nerves on the
operated side in all of the grafted embryos (100%, n = 18;
data not shown). Non-neuronal quail cells were also found
in the sympathetic ganglia; these are likely to be satellite
glial cells. We also found quail melanocytes in feather
plumes of two additional chimeras analysed at E11–12, 9–
10 days after receiving grafts of migrating mesencephalic
neural crest over the segmental plate mesoderm (8-somitestage quail donors; 18–22 somite-stage chick hosts) (data
not shown). However, subectodermal melanoblasts were
seen much more frequently in sections of chimeras that
received grafts of trunk neural crest cells than in those that
received grafts of mesencephalic neural crest cells (data not
shown).
As controls, heterotopic control grafts of premigratory
trunk neural crest cells were also performed (Fig. 1B). In
these, a section of trunk neural tube, from the level of the six
most recently formed somites, was grafted over the lateral
plate mesoderm (8–14 somite-stage quail donors; 8–22
somite-stage chick hosts; grafts at the level of the segmental
plate; n = 12). At E5.5–8, that is, 4–6 days after such grafts,
quail cells were found in the sympathetic ganglia of all
embryos (100%, n = 12). Quail neurons were not found in
the dorsal root ganglia of any of the heterotopic control
embryos (0%, n = 12), suggesting that laterally grafted
neural crest cells fail to penetrate sufficiently dorsally to
populate the dorsal root ganglia. We note that an ectopic
ganglion, made up of large quail neurons, was seen on the
spinal nerve in three of these heterotopic control embryos
(25%, n = 12; data not shown). It is likely that these are
early-specified trunk neural crest-derived sensory neurons
(Greenwood et al., 1999; Zirlinger et al., 2002) that may
find the spinal nerve an appropriate environment in which to
survive and differentiate. Since our primary goal was to
compare the behaviour of mesencephalic and trunk neural
crest cells in autonomic sites in the trunk, these ectopic
neurons were not considered further.
As additional controls, isotopic grafts of premigratory
trunk neural crest were also performed (Fig. 1C). In these, a
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recently formed somites, was grafted in place of chick
neural tube (17–24 somite-stage quail donors; 16–22
somite-stage chick hosts; grafts at the level of the segmental
plate; n = 8). At E7–9, that is, 5–7 days after such grafts,
neurons were seen in the dorsal root ganglia and sym-
pathetic ganglia of all embryos (100%, n = 8), and, as
expected, no ectopic ganglia were present on the spinal
nerve (data not shown).
The precise phenotype of the mesencephalic and control
trunk neural crest-derived neurons in the sympathetic
ganglia and adrenal glands was examined in more detail
in some of these chimeras using immunohistochemistry, and
in additional chimeras fixed for in situ hybridisation analysis
(see Materials and methods).
Mesencephalic neural crest-derived cells in the sympathetic
ganglia express the autonomic marker Phox2a
BMPs from the dorsal aorta independently induce the
expression of the transcription factors Mash1 and Phox2b in
trunk neural crest cells; both these transcription factors are
required for expression of the transcription factor Phox2a
(see Brunet and Pattyn, 2002; Goridis and Rohrer, 2002).
Phox2a is expressed in all neurons that express (transiently
or permanently) the final enzyme in the noradrenaline
synthesis pathway, dopamine h-hydroxylase (DBH);
indeed, Phox2a can directly activate the DBH promoter
(see Brunet and Pattyn, 2002; Goridis and Rohrer, 2002).
Phox2a is expressed in both sympathetic and parasympa-
thetic neurons, including those of the ciliary ganglion, a
subset of which transiently express both DBH and tyrosine
hydroxylase (TH) (Ernsberger et al., 1995; Groves et al.,
1995; Mu¨ller and Rohrer, 2002). Hence, it might be
expected that mesencephalic neural crest cells in the
sympathetic ganglia would express Phox2a, and this was
indeed found to be the case. At E4, 2 days after receiving
grafts of migrating mesencephalic neural crest cells over the
lateral plate mesoderm (8–12 somite-stage quail donors;
17–22 somite-stage chick hosts; grafts at the level of theFig. 3. Mesencephalic neural crest-derived cells in the sympathetic ganglia express
procedure. (B) Transverse section through an E3.5 chick embryo, fixed 2 days afte
cells (plus overlying ectoderm) over the lateral plate mesoderm at the 22-somite s
cells (brown QCPN+ nuclei) express Phox2a (blue staining). nc, notochord; sg, ssegmental plate; n = 7), all embryos tested contained
Phox2a+ quail cells in the forming sympathetic ganglia
(100%, n = 7; Fig. 3). Thus, mesencephalic neural crest-
derived cells in the sympathetic ganglia express a marker
consonant with the potential to adopt a catecholaminergic
fate.
Significantly fewer mesencephalic than trunk neural crest
cells express dHAND in sympathetic ganglia
BMPs also induce expression of the bHLH transcription
factor dHAND in sympathetic neurons, most likely down-
stream of Phox2a and Phox2b (Howard et al., 2000). Forced
expression of dHAND in chick neural crest cells leads to
adoption of a catecholaminergic fate, both in vitro and in
vivo (Howard et al., 1999, 2000). dHAND was reported as
not being expressed at any stage (up to E8) in the chick
ciliary ganglion (Mu¨ller and Rohrer, 2002). Ectopic dHAND
expression in ciliary neurons maintains the expression of the
catecholaminergic markers DBH and TH (Mu¨ller and
Rohrer, 2002). Together, these results led to the suggestion
that the difference in response to BMPs of ciliary and
sympathetic neurons might be due to the failure of ciliary
neurons to express dHAND (Mu¨ller and Rohrer, 2002). We
asked if lack of dHAND expression in most ciliary neurons
represents a cell-intrinsic difference between mesencephalic
and trunk neural crest cells, or a difference in the environ-
ment between head and trunk.
As controls, we examined dHAND expression in the
ciliary ganglion at E6 and E8. In our hands, a few large
dHAND+ cells (usually 5–15 per section) are always present
at E6 (Figs. 4A, B) and E8 (data not shown). Given the
association between dHAND expression and the mainte-
nance of catecholaminergic marker genes (Mu¨ller and
Rohrer, 2002), this result correlates well with the presence
of a similar small number of TH+ ciliary ganglion cells at
the same stage (Figs. 6A–C). However, the vast majority of
ciliary ganglion neurons are clearly dHAND-negative (Figs.
4A, B), in agreement with previously reported results
(Mu¨ller and Rohrer, 2002).the pan-autonomic neuron marker Phox2a. (A) Schematic showing the graft
r receiving a graft of 12-somite stage migrating mesencephalic neural crest
tage. (C) High-power view of boxed region in B, showing that many quail
ympathetic ganglion.
Fig. 4. Fewer mesencephalic than trunk neural crest-derived neurons in the sympathetic ganglia express the catecholaminergic marker dHAND. (A, B) Control
transverse section through the ciliary ganglion (cg) region of an E6 chick embryo head showing that only a few cells in the ciliary ganglion express dHAND
(blue staining). (C, D) Transverse section through a sympathetic ganglion (sg) of an E5.5 chick embryo, fixed 4 days after receiving a graft of 10-somite stage
migrating mesencephalic neural crest cells (plus overlying ectoderm) over the lateral plate mesoderm at the 10-somite stage (the inset in C shows a schematic
of the graft). Many but not all quail cells (brown nuclei) are dHAND+ (blue staining). (E, F) Transverse section through a sympathetic ganglion (sg) of an
E5.5 chick embryo, fixed 4 days after receiving a graft of quail neural tube (from the level of the last 5-formed somites) over the lateral plate mesoderm at the
14-somite stage (the inset in E shows a schematic of the graft). The vast majority of quail cells (brown nuclei) are dHAND+ (blue staining). cg, ciliary
ganglion; E, embryonic day; nt, neural tube; ret, retina; sg, sympathetic ganglion.
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phalic neural crest cells are able to express dHAND when
exposed to catecholaminergic differentiation signals in the
trunk environment; failure to do so might suggest an
intrinsic difference between mesencephalic and trunk neuralcrest cells. We therefore analysed dHAND expression by in
situ hybridisation on sections of E5.5 embryos, 4 days after
grafts of migrating mesencephalic neural crest cells over the
lateral plate mesoderm (8–10 somite-stage quail donors; 8–
12 somite-stage chick hosts; grafts at the level of the
V.M. Lee et al. / Developmental Biology 278 (2005) 175–192 183segmental plate; n = 7). 68% (n = 953) of all mesencephalic
neural crest-derived quail cells counted in the sympathetic
ganglia across all seven embryos were dHAND+ (Figs. 4C,
D; graph in Fig. 5; Table 2). Thus, many mesencephalic
neural crest cells are able to express dHAND, presumably in
response to BMPs at the dorsal aorta. However, 94% (n =
957) of all trunk neural crest-derived quail cells counted in
the sympathetic ganglia of three heterotopic control
embryos (Fig. 1B) were dHAND+ at E5.5–6 (4 days after
grafts of quail trunk neural tube over the lateral plate
mesoderm; 8–14 somite-stage donors; 13–16 somite-stage
chick hosts; grafts at the level of the segmental plate; n = 3)
(Fig. 4E; graph in Fig. 5; Table 2). Thus, 26% fewer
mesencephalic neural crest-derived cells than trunk neural
crest-derived cells express dHAND in the sympathetic
ganglia at E5.5–6.
By using the percentage of dHAND+ quail cells from
each embryo as separate data points, we calculated the mean
percentage of dHAND+ quail cells for mesencephalic versus
trunk neural crest cells (Table 2), and used Student’s t test to
determine the statistical significance (or otherwise) of the
difference between them. The mean percentage of dHAND+
mesencephalic neural crest cells in the sympathetic ganglia
was 65 F 7 (mean F standard deviation; n = 7 embryos),
while the mean percentage of dHAND+ trunk neural crest
cells in the sympathetic ganglia was 93F 4 (n = 3 embryos)
(Table 2). The difference between these means is highly
statistically significant using Student’s t test (P b 0.0005; t =
6.36, 8 degrees of freedom [deg. fr.]). Thus, a significantly
smaller proportion of mesencephalic neural crest cells
expresses dHAND in the sympathetic ganglia, when
compared with trunk neural crest cells under the same
conditions.
The question then arises as to whether any of the
mesencephalic neural crest cells in the sympathetic ganglia
adopt a catecholaminergic fate.Fig. 5. Graph showing that the percentage of dHAND+ quail cells in
dHAND-stained sympathetic ganglia is smaller at E5.5–6 after grafts of
migrating mesencephalic neural crest cells over the lateral plate mesoderm,
than after grafts of trunk neural tube over the lateral plate mesoderm. See
Table 2 and text for raw data and numbers of embryos. E, embryonic day;
NF, neural fold. The total number (n) of quail cells counted in the
sympathetic ganglia across all embryos of each graft type is given at the top
of each bar.Significantly fewer mesencephalic than trunk neural crest
cells express tyrosine hydroxylase in the sympathetic
ganglia at E5.5–6
We used tyrosine hydroxylase (TH), the rate-limiting
enzyme in catecholamine synthesis, as a reliable marker for
catecholaminergic neurons. TH is transiently expressed
from E3 by a subpopulation of neurons in the chick ciliary
ganglion (Mu¨ller and Rohrer, 2002), but by E8, only a few
neurons were reported to maintain TH expression (Mu¨ller
and Rohrer, 2002). We confirmed that at both E6 (Figs. 6A,
B) and E8 (Fig. 6C), a small number of ciliary neurons are
TH+ (approximately 5–15 per section).
We used in situ hybridisation to test TH expression on
sections of E5.5 embryos, 4 days after grafting migrating
mesencephalic neural crest cells over the lateral plate
mesoderm (8–10 somite-stage quail donors; 8–12 somite-
stage chick hosts; grafts at the level of the segmental plate;
n = 6). 64% (n = 2074) of all mesencephalic neural crest-
derived quail cells counted in the sympathetic ganglia
across all six embryos were TH+ (Figs. 6D, E; graph in Fig.
8; Table 2). In contrast, 79% (n = 1450) of all trunk neural
crest-derived quail cells counted in the sympathetic
ganglia of six heterotopic control embryos were TH+ at
E5.5–6 (4 days after grafts of quail trunk neural tube over
the lateral plate mesoderm; 8–14 somite-stage donors; 8–16
somite-stage chick hosts; grafts at the level of the segmental
plate; n = 6) (Fig. 6F; graph in Fig. 8; Table 2). Thus, 15%
fewer mesencephalic neural crest-derived cells than trunk
neural crest-derived cells express TH in the sympathetic
ganglia at E5.5–6.
Using the percentage of TH+ quail cells from each
embryo as a separate data point, the mean percentage of
TH+ mesencephalic neural crest cells in the sympathetic
ganglia at E5.5 was 67F 7 (n = 6) (Table 2). In contrast, the
mean percentage of TH+ trunk neural crest cells in the
sympathetic ganglia was 77 F 8 (n = 4) for heterotopic
control grafts (over the lateral plate mesoderm) (Table 2).
The difference between the means is statistically significant
(P b 0.025, Student’s t test) (t = 2.5; 10 degrees of
freedom). Thus, a significantly smaller proportion of
mesencephalic than trunk neural crest cells expresses TH
in the sympathetic ganglia at E5.5–6.
The proportion of TH+ mesencephalic neural crest cells in
the sympathetic ganglia declines with age, while the
proportion of TH+ trunk neural crest cells increases
We found that the proportion of TH+ mesencephalic
neural crest-derived neurons in the sympathetic ganglia
declines significantly between E5.5 and E7.5–9, a stage at
which only a very few ciliary neurons express TH (Fig. 6C;
Mu¨ller and Rohrer, 2002). We tested TH expression by in
situ hybridisation on sections of E7.5–9 embryos, 6–7 days
after grafting migrating mesencephalic neural crest cells
over the lateral plate mesoderm (8–11 somite-stage quail
Table 2
Summary of cell counting data
Marker ISH/Immuno Age of
chimera








dHAND ISH E5.5 Mes NC 68 953 65 7 7
E5.5–6 Trunk NF 94 957 93 4 3
TH ISH E5.5 Mes NC 64 2074 67 7 6
ISH E5.5–6 Trunk NF 79 1450 77 8 6
ISH E7.5–9 Mes NC 43 2272 39 8 6
Immuno E7.5–8 Mes NC 45 1374 43 8 6
ISH E7.5–8 Trunk NF 90 5675 90 3 4
Immuno E7.5–8 Trunk NF 84 626 79 12 3
Immuno E7–8 Trunk NF isotopic 89 1100 88 3 3
ISH E7.5–8 Quail unoperated 87 4185 N/A N/A 1
VAChT ISH E5.5 Mes NC 11 1250 9 7 6
ISH E5.5–6 Trunk NF 6 2140 7 4 6
ISH E7.5–9 Mes NC 43 3640 46 11 7
ISH E7.5–8 Trunk NF 26 4680 25 11 4
ISH E7.5–8 Quail unoperated 45 3943 N/A N/A 1
Abbreviations used: E, embryonic day; Immuno, immunohistochemistry; ISH, in situ hybridisation; Mes, mesencephalic; NC, neural crest; NF, neural fold;
No., number; SD, standard deviation; TH, tyrosine hydroxylase; VAChT, vesicular acetylcholine transporter.
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the segmental plate; n = 6). 43% (n = 2272) of all
mesencephalic neural crest-derived quail cells counted in
the sympathetic ganglia were TH+ across these six embryos
(Figs. 6G, H; graph in Fig. 8; Table 2). This is clearly a
much greater proportion of TH+ cells than is seen in the
ciliary ganglion at E8 (Fig. 6C). However, it represents a
decline of 21% in the proportion of TH+ mesencephalic
neural crest-derived cells in the sympathetic ganglia
between E5.5–6 (64% TH+; n = 2074) and E7.5–9 (43%
TH+; n = 2272) (Table 2).
Using the percentage of TH+ quail cells from each
embryo as a separate data point, the mean percentage of
TH+ mesencephalic neural crest cells in the sympathetic
ganglia at E7.5–9 was 39 F 8 (n = 6) (Table 2). This is a
significantly smaller proportion than at E5.5 (67 F 7; n = 6)
(P b 0.005; t = 6.42; 10 degrees of freedom) (Table 2).
Thus, the proportion of TH+ mesencephalic neural crest
cells in the sympathetic ganglia declines significantly from
E5.5 to E7.5–9, suggesting that TH expression is initiated
but fails to be maintained in a subset of mesencephalic
neural crest cells in the sympathetic ganglia. This is
consistent with the initiation but not maintenance of
catecholaminergic marker expression in a subset of mesen-
cephalic neural crest-derived ciliary ganglion precursors
during normal development (Mu¨ller and Rohrer, 2002).
In contrast, 90% (n = 5675) of all trunk neural crest-
derived quail cells counted in the sympathetic ganglia were
TH+ across four heterotopic control embryos at E7.5–8 (6
days after grafts of quail trunk neural tube over the lateral
plate mesoderm; 13–14 somite-stage donors; 12–22 somite-
stage chick hosts; grafts at the level of the segmental plate;
n = 4) (Fig. 6I; graph in Fig. 8; Table 2). This represents an
increase of 11% over the 79% TH+ cells seen at E5.5–6
(graph in Fig. 8; Table 2). Using the percentage of TH+ quail
cells from each embryo as a separate data point, the meanpercentage of TH+ trunk neural crest cells in the sympathetic
ganglia at E7.5–8 was 90 F 3 (n = 4) (Table 2). This is
significantly greater than the proportion seen at E5.5–6
(77 F 8; n = 6) (P b 0.01; t = 3.53; 6 degrees of freedom).
Since the proportion of TH+ mesencephalic neural crest
cells in the sympathetic ganglia decreases with time, while
the proportion of TH+ trunk neural crest cells in the
increases with time, there is consequently an even greater
difference between mesencephalic and trunk neural crest
cells at E7.5–8 than was seen at E5.5–6. The difference
between the two means at E7.5–9 (39 F 8 for mesen-
cephalic, n = 6; versus 90 F 3 for trunk, n = 4) is highly
statistically significant (P b 0.0005, Student’s t test) (t =
12.56; 8 degrees of freedom). Thus, a significantly smaller
proportion of mesencephalic than trunk neural crest cells
expresses TH in the sympathetic ganglia at E7.5–9.
Similar results are obtained using anti-TH
immunohistochemistry
We also used an anti-TH antibody to test TH protein
expression on sections of E7.5–8 embryos, 6 days after
grafts of migrating mesencephalic neural crest cells over the
lateral plate mesoderm (9–10 somite-stage quail donors;
11–17 somite-stage chick hosts; grafts at the level of the
segmental plate; n = 6). 45% (n = 1374) of all mesen-
cephalic neural crest-derived quail cells counted in the
sympathetic ganglia and adrenal glands across all six
embryos were TH+ (Fig. 7A; graph in Fig. 8; Table 2).
This is clearly a much greater proportion of TH+ cells than is
seen in the ciliary ganglion by in situ hybridisation at E8
(Fig. 6C). Using the percentage of TH+ quail cells from each
embryo as a separate data point, the mean percentage of
TH+ mesencephalic neural crest cells in the sympathetic
ganglia at E7.5–8 was 43 F 8 (n = 6) (Table 2). This is not
significantly different from the proportion of TH+ cells
Fig. 6. Fewer mesencephalic than trunk neural crest-derived neurons in the sympathetic ganglia express the catecholaminergic marker tyrosine hydroxylase
(TH). (A, B) Control transverse section through the ciliary ganglion (cg) region of an E6 chick embryo head showing that only a few cells in the ciliary
ganglion express TH (blue staining). The general background is relatively high; only the dark-stained cells are positive. (C) Control transverse section through
the ciliary ganglion (cg) region of an E8 chick embryo head showing that only a few cells in the ciliary ganglion express TH. The general background is
relatively high; only the dark-stained cells are positive. (D, E) Transverse sections through a sympathetic ganglion (sg) of two E5.5 chick embryos, fixed 4 days
after receiving a graft of migrating mesencephalic neural crest cells plus overlying ectoderm over the lateral plate mesoderm at the level of the segmental plate
(10-somite stage donors; D: 10-somite stage host; E: 12-somite stage host). Insets show a schematic of the graft. Many but not all quail cells (brown nuclei) are
TH+ (blue staining). (F) Transverse section through a sympathetic ganglion (sg) of an E6 chick embryo, fixed 4 days after receiving a graft of quail neural tube
over the lateral plate mesoderm at the 16-somite stage. Most quail cells (brown nuclei) are TH+ (blue staining). (G, H) Transverse sections through a
sympathetic ganglion (sg) of two E8.5 chick embryos, fixed 7 days after receiving a graft of migrating mesencephalic neural crest cells plus overlying ectoderm
over the lateral plate mesoderm at the level of the segmental plate (G: 11-somite stage donor, 10-somite stage host; H: 8-somite stage host; 15-somite stage
host). Many but not all quail cells (brown nuclei) are TH+ (blue staining). (I) Transverse section through a sympathetic ganglion (sg) of an E7.5 chick embryo,
fixed 6 days after receiving a graft of quail neural tube over the lateral plate mesoderm at the 12-somite stage. Almost all quail cells (brown nuclei) are TH+
(blue staining). Insets show schematics of the graft in each case. cg, ciliary ganglion; E, embryonic day; ret, retina; sg, sympathetic ganglion.
V.M. Lee et al. / Developmental Biology 278 (2005) 175–192 185identified by in situ hybridisation at E7.5–9 (39 F 8; n = 6)
(not significant; t = 0.92, 10 degrees of freedom).
In contrast, 84% (n = 626) of all trunk neural crest-
derived quail cells counted in the sympathetic ganglia of
three heterotopic control embryos were TH+ at E7.5–8 (6
days after grafts of quail trunk neural tube over the lateral
plate mesoderm; 8–14 somite-stage donors; 8–16 somite-
stage chick hosts; grafts at the level of the segmental plate;
n = 3) (Fig. 7B). Using the percentage of TH+ quail cells
from each embryo as a separate data point, the mean
percentage of TH+ trunk neural crest cells in the sympathetic
ganglia at E7.5–8 was 79 F 12 (n = 3) (Table 2). This is in
fact a significantly smaller proportion of TH+ cells than was
identified by in situ hybridisation at E7.5–8 (mean 90 F 3,
n = 4) (P b 0.05; t = 1.82, 5 degrees of freedom) (Table 2).
However, this discrepancy may reflect statistical error owingto the much greater number of cells counted after in situ
hybridisation (n = 5675) versus anti-TH immunohistochem-
istry (n = 626). Nonetheless, a significantly smaller
proportion of mesencephalic versus trunk neural crest cells
is TH+ by anti-TH immunohistochemistry at E7.5–8 (P b
0.0005; t = 5.46, 7 degrees of freedom).
Grafting premigratory trunk neural crest cells over the
lateral plate mesoderm does not affect their response to
catecholaminergic differentiation signals
In order to control for the possibility that grafting
premigratory trunk neural crest cells over the lateral plate
mesoderm affects their normal response to catecholaminer-
gic differentiation signals in the sympathetic ganglia, we
counted TH+ quail cells in the sympathetic ganglia of three
Fig. 8. Graph showing percentages of tyrosine hydroxylase+ (TH+) (blue bars for in situ hybridisation; green bars for anti-TH immunohistochemistry) quail
cells in TH-stained sympathetic ganglia after various different grafts and in an unoperated quail embryo. The total number (n) of quail cells counted in the
sympathetic ganglia across all embryos of each graft type is given at the top of each bar. The percentage of TH+ quail cells in the sympathetic ganglia is smaller
after grafts of migrating mesencephalic neural crest cells over the lateral plate mesoderm, than after grafts of quail neural tube over the lateral plate mesoderm,
at both E5.5–6 and E7.5–9. Equivalent numbers of TH+ quail cells are seen in the sympathetic ganglia at E7.5–8 after heterotopic grafts of quail neural tube
over the lateral plate mesoderm, isotopic grafts of quail neural tube in place of chick neural tube and in an unoperated quail embryo. See Table 2 and text for
raw data and numbers of embryos. E, embryonic day; Mes, mesencephalic; NC, neural crest; NF, neural fold.
Fig. 7. Anti-tyrosine hydroxylase (TH) immunohistochemistry shows that fewer mesencephalic than trunk neural crest-derived neurons in the sympathetic
ganglia express the catecholaminergic marker protein tyrosine hydroxylase (TH), and that grafting trunk neural crest cells over the lateral plate mesoderm does
not affect their response to catecholaminergic differentiation signals. (A) Transverse section through a sympathetic ganglion (sg) of an E7.5 chick embryo, fixed
6 days after receiving a graft of 9-somite stage migrating mesencephalic neural crest cells over the lateral plate mesoderm at the 11-somite stage (the inset
shows a schematic of the graft procedure). Most quail cells (red nuclei) are TH-negative (green staining). (B) Transverse section through a sympathetic
ganglion (sg) of an E7.5 chick embryo, fixed 6 days after receiving a control heterotopic graft of trunk neural tube over the lateral plate mesoderm at the 12-
somite stage (the inset shows a schematic of the graft procedure). Most quail cells (red nuclei) are TH+ (green staining). (C) Transverse section through a
sympathetic ganglion (sg) of an E8 chick embryo, fixed 6 days after receiving a control isotopic graft of quail trunk neural tube in place of host neural tube, at
the level of the last-formed 6 somites, at the 21-somite stage (the inset shows a schematic of the graft procedure). Most quail cells (red nuclei) are TH+ (green
staining), in a very similar proportion to that seen after heterotopic control grafts (B; graph in Fig. 8). (D–F) Transverse section through a sympathetic ganglion
(sg) of an E8 unoperated quail embryo at the level of the wingbud. (D) In situ hybridisation for TH. (E) HNK1 staining (red) to show neural crest cells; DAPI
(blue nuclei) to stain all cell nuclei. (F) DAPI staining merged with the TH in situ hybridisation shows that most neural crest cells in the ganglion are TH+. E,
embryonic day; sg, sympathetic ganglion.
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quail trunk neural tube in place of chick neural tube; 24
somite-stage quail donors; 17–21 somite-stage chick hosts;
grafts at the level of the last-formed six somites or the level
of the segmental plate; n = 3) (see Fig. 1C for a schematic of
the graft). Eighty-nine percent (n = 1100) of all trunk neural
crest-derived quail cells counted in the sympathetic ganglia
of these isotopic control embryos were TH+ (Fig. 7C; graph
in Fig. 8; Table 2). This compares with 84% (n = 626) TH+
quail cells in the sympathetic ganglia after heterotopic
control grafts over the lateral plate mesoderm at E7.5–8 (6
days after grafts of quail trunk neural tube over the lateral
plate mesoderm; 8–14 somite-stage donors; 8–16 somite-
stage chick hosts; grafts at the level of the segmental plate;
n = 3) (Fig. 7B; graph in Fig. 8; Table 2).
Using the percentage of TH+ quail cells from each
embryo as a separate data point, the mean percentage of
TH+ trunk neural crest cells in the sympathetic ganglia and
adrenal glands after isotopic grafts was 88 F 3 (n = 3
embryos), while after heterotopic grafts over the lateral plate
mesoderm, it was 79 F 12 (n = 3 embryos) (Table 2). The
difference between the means for the two different types of
control graft is not statistically significant (Student’s t test,
t = 1.26; 4 degrees of freedom). Thus, grafting trunk neural
crest cells over the lateral plate mesoderm, after which they
follow a different migratory route to the sympathetic ganglia
than their normal route through the anterior sclerotome,
does not significantly affect their response to catecholami-
nergic differentiation signals.
As a final control, we performed in situ hybridisation for
TH on trunk sections of an unoperated E7.5–8 (HH stage
33/34) quail embryo, followed by anti-HNK1 immunostain-
ing to reveal all neural crest cells, and DAPI staining to
reveal all nuclei (Figs. 7D–F). We counted TH+ cells and
total cell numbers in the sympathetic ganglia at the same
axial levels as for the heterotopic trunk neural fold grafts
over the lateral plate mesoderm (i.e., approximately wing
and flank levels). 87% of all cells counted in the
sympathetic ganglia were TH+ (n = 4185) (Figs. 7D–F;
graph in Fig. 8; Table 2). This result is very similar to those
obtained after heterotopic grafts of premigratory quail trunk
neural crest cells over the lateral plate mesoderm of host
chick embryos (90% TH+ at E7.5–8, n = 5675).
Thus, we are confident that grafting premigratory trunk
neural crest cells over the lateral plate mesoderm does not
affect their response to catecholaminergic differentiation
signals in the sympathetic ganglia.
At E5.5–6, the proportion of VAChT+ mesencephalic versus
trunk neural crest-derived cells in the sympathetic ganglia is
similar
Since fewer mesencephalic than trunk neural crest cells
adopt a catecholaminergic fate in the sympathetic ganglia,
we wished to determine whether these cells adopt a
cholinergic fate instead, consistent with their normal fatein the ciliary ganglion. To test this, we used in situ
hybridisation to look for expression of the vesicular
acetylcholine transporter (VAChT) gene, part of the
bcholinergic gene locusQ that also encodes choline acetyl-
transferase (ChAT). The VAChT gene is contained within
the first intron of the bR-typeQ ChAT primary transcript
(reviewed in Erickson et al., 1996; Usdin et al., 1995).
Expression of both ChAT and VAChT is required for the
acquisition and maintenance of the cholinergic phenotype,
and their transcription is tightly coordinated, such that they
are invariably coexpressed (see Erickson et al., 1996). In the
ciliary ganglion, both ChAT and VAChT are expressed from
E4.5 (Mu¨ller and Rohrer, 2002), and the great majority of
cells are VAChT+ by E6.5 (Figs. 9A, B).
We used in situ hybridisation to test VAChT expression at
E5.5, 4 days after grafts of migrating mesencephalic neural
crest cells over the lateral plate mesoderm (8–10 somite-
stage quail donors; 8–12 somite-stage chick hosts; grafts at
the level of the segmental plate; n = 6). 11% (n = 1250) of
all mesencephalic neural crest-derived quail cells counted in
the sympathetic ganglia across all five embryos were
VAChT+ (Figs. 9C, D; graph in Fig. 10; Table 2). Six
percent (n = 2140) of all trunk neural crest-derived quail
cells counted in the sympathetic ganglia of six heterotopic
control embryos were VAChT+ at E5.5–6 (4 days after grafts
of quail trunk neural tube over the lateral plate mesoderm;
8–14 somite-stage donors; 10–14 somite-stage chick hosts;
grafts at the level of the segmental plate; n = 6) (Figs. 9E, F;
graph in Fig. 10; Table 2).
Using the percentage of VAChT+ quail cells from each
embryo as a separate data point, the mean percentage of
VAChT+ mesencephalic neural crest cells in the sympathetic
ganglia at E5.5 was 7 F 4 (n = 6) (Table 2). The mean
percentage of VAChT+ trunk neural crest cells in the
sympathetic ganglia was 9 F 7 (n = 6) for heterotopic
control grafts (over the lateral plate mesoderm) (Table 2).
The difference between the means is not statistically
significant (Student’s t test, t = 0.61; 10 degrees of
freedom). Thus, relatively few quail mesencephalic and
trunk neural crest cells in the sympathetic ganglia express
VAChT at E5.5–6, and there is no statistical difference
between them.
By E7.5–8, VAChT expression in heterotopically grafted
quail trunk neural crest cells is much lower than in
unoperated quail embryos, while mesencephalic neural
crest cells show no significant difference in VAChT
expression relative to unoperated quail embryos
We used in situ hybridisation to test VAChT expression at
E7.5–8, 6 days after grafts of migrating mesencephalic
neural crest cells over the lateral plate mesoderm (10–12
somite-stage quail donors; 13–18 somite-stage chick hosts;
grafts at the level of the segmental plate; n = 4). Forty-eight
percent (n = 2084) of all mesencephalic neural crest-derived
quail cells counted in the sympathetic ganglia across all four
Fig. 9. Similar numbers of mesencephalic and trunk neural crest-derived cells in the sympathetic ganglia express the cholinergic marker VAChT. (A, B) Control
transverse section through the ciliary ganglion (cg) region of an E6.5 quail embryo head showing that most cells in the ciliary ganglion express VAChT. (C, D)
Transverse sections through a sympathetic ganglion (sg) of two E5.5 chick embryos, fixed 4 days after receiving a graft of migrating mesencephalic neural crest
cells plus overlying ectoderm over the lateral plate mesoderm at the level of the segmental plate (10-somite stage donors; D: 10-somite stage host; E: 12-somite
stage host). A few quail cells (brown nuclei) are VAChT+ (blue staining). (E, F) Transverse sections through a sympathetic ganglion (sg) of two E5.5–E6 chick
embryos, fixed 4 days after receiving a graft of quail neural tube over the lateral plate mesoderm at the level of the segmental plate (E: 16-somite stage host; F:
14-somite stage host). A few quail cells (brown nuclei) are TH+ (blue staining). (G) Transverse section through a sympathetic ganglion (sg) of an E7.5 chick
embryo, fixed 6 days after receiving a graft of migrating mesencephalic neural crest cells plus overlying ectoderm over the lateral plate mesoderm at the level of
the segmental plate (10-somite stage donor; D: 14-somite stage host). A higher proportion of quail cells (brown nuclei) are VAChT+ (blue staining). (H)
Transverse section through a sympathetic ganglion (sg) of an E7.5 chick embryo, fixed 6 days after receiving a graft of quail neural tube over the lateral plate
mesoderm at the level of the segmental plate (12-somite stage host). Fewer quail cells (brown nuclei) are VAChT+ (blue staining) than after grafts of
mesencephalic neural crest cells; however, the proportion is also smaller than on the unoperated side (not shown). Insets show a schematic of the graft. cg,
ciliary ganglion; E, embryonic day; ret, retina; sg, sympathetic ganglion.
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Including data from three E8.5–9 embryos (8–9 somite-
stage quail donors; 13–15 somite-stage chick hosts; grafts at
the level of the segmental plate) yielded a similar result:
43% (n = 3640) of all mesencephalic neural crest-derived
quail cells counted in the sympathetic ganglia across all
seven embryos were VAChT+ at E7.5–9.
In contrast, 26% (n = 4680) of all quail trunk neural
crest-derived cells counted in the sympathetic ganglia of
four heterotopic control embryos were VAChT+ at E7.5–8
(6 days after grafts of quail trunk neural tube over the lateral
plate mesoderm; 13–14 somite-stage donors; 12–22 somite-
stage chick hosts; grafts at the level of the segmental plate;
n = 4) (Fig. 9H; graph in Fig. 10; Table 2). Thus, 22% more
mesencephalic than trunk neural crest-derived cells are
VAChT+ in the sympathetic ganglia at E7.5–8.
However, we noticed that after grafts of premigratory
trunk neural crest over the lateral plate mesoderm, the
sympathetic ganglia on the operated side were frequentlymade up almost entirely of quail cells, and contained many
fewer VAChT+ cells than did the host ganglia on the
unoperated side (not shown; compare Fig. 9H with Fig. 9G).
We had confirmed (using anti-TH immunohistochemistry)
that there was no statistical difference in the proportion of
TH+ cells seen in the sympathetic ganglia after grafting
quail trunk neural tube either heterotopically over the lateral
plate mesoderm or isotopically, in place of the host neural
tube (see above; Fig. 7; Table 2). We had also used in situ
hybridisation, HNK1 and DAPI staining to confirm that
there was no difference in the proportion of TH+ quail cells
in the sympathetic ganglia of unoperated quail embryos
versus that seen after heterotopic grafts of premigratory
trunk neural crest cells (see above; Fig. 7; Table 2). Thus,
the difference in the behaviour of quail trunk neural crest
cells relative to the unoperated side of the host chick
embryos, with respect to VAChT expression, was surprising.
In order to test whether the quail trunk neural crest cells
were behaving differently within the host chick environment
Fig. 10. Graph showing percentages of VAChT+ quail cells in the sympathetic ganglia after different grafts and in an unoperated quail embryo. The total number
(n) of quail cells counted in VAChT-stained sympathetic ganglia across all embryos of each graft type is given at the top of each bar. The percentage of VAChT+
quail cells in the sympathetic ganglia is fairly similar after grafts of migrating mesencephalic neural crest cells or trunk neural tube over the lateral plate
mesoderm at E5.5–6. At E7.5–9, fewer trunk than mesencephalic neural crest-derived quail cells in the sympathetic ganglia are VAChT+; however, this
proportion is also smaller than in an unoperated quail embryo. See Table 2 and text for raw data and numbers of embryos. E, embryonic day; Mes,
mesencephalic; NC, neural crest; NF, neural fold.
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hybridisation for VAChT on trunk sections of an unoperated
E7.5–8 quail embryo, followed by anti-HNK1 immunos-
taining (to stain all neural crest-derived cells) and DAPI
staining (to reveal all cell nuclei). The proportion of
VAChT+ cells within the sympathetic ganglia was calculated
by counting the number of VAChT+ cells relative to the total
number of cells within the sympathetic ganglia, at the same
axial levels as for the heterotopic trunk neural fold grafts
over the lateral plate mesoderm, that is, approximately wing
and flank levels.
We found that in the E7.5–8 unoperated quail embryo,
45% (n = 3943) of neural crest cells in the sympathetic
ganglia were VAChT+ (data not shown). This seems much
higher than the 26% (n = 4680) of trunk neural crest-derived
quail cells that are VAChT+ in the sympathetic ganglia at
E7.5–8 after heterotopic grafts over the lateral plate
mesoderm (Fig. 9H; graph in Fig. 10; Table 2). This
suggests that while grafting trunk neural crest cells over the
lateral plate mesoderm has no effect on catecholaminergic
differentiation, it does affect cholinergic differentiation. It is
therefore not possible for us to compare the data from
heterotopically grafted quail cells with the data collected
from of heterotopically grafted mesencephalic neural crest
cells.
In contrast, the proportion of VAChT+ cells seen in the
sympathetic ganglia of the unoperated E7.5–8 quail embryo
(45%; n = 3943) is very similar to the 48% (n = 2084) of
quail cells in the sympathetic ganglia that are VAChT+ at
E7.5–8 (43% at E7.5–9, n = 3640), after grafts of
mesencephalic neural crest cells over the lateral plate
mesoderm (Fig. 9G; graph in Fig. 10; Table 2). This
suggests that quail mesencephalic neural crest cells do not
behave significantly differently from quail trunk neural crestcells in unoperated embryos, at least with respect to VAChT
expression (whereas they behave significantly differently
with respect to TH expression; see above).
In summary, we are unable to detect a cholinergic
differentiation bias in mesencephalic neural crest cells:
instead, they seem to behave similarly to heterotopically
grafted trunk neural crest cells at E5.5–6, and similarly to
unoperated trunk neural crest cells at E7.5–8.Discussion
Mesencephalic neural crest cells normally form chol-
inergic (plus a very few catecholaminergic) neurons in the
parasympathetic ciliary ganglion, together with non-neuro-
nal derivatives such as glia, melanocytes, cartilage and
bone. Trunk neural crest cells normally form mainly
catecholaminergic (with some cholinergic) neurons in the
sympathetic ganglia, together with other neuronal and non-
neuronal derivatives such as sensory neurons, glia and
melanocytes. When trying to understand the mechanisms
underlying axial differences in fate choice within the neural
crest, a perennial question is to what extent such differences
reflect qualitative differences in different neural crest cell
populations, or differences in the local environment. While
it is clear that, on a qualitative level, few or no absolute
differences in neural crest cell potential may exist at
different axial levels (Le Douarin and Kalcheim, 1999;
McGonnell and Graham, 2002), it is also evident that
considerable heterogeneity exists in different neural crest
cell populations, perhaps reflecting specification or at least
bias towards different cell fates (e.g., Henion and Weston,
1997; Zirlinger et al., 2002). Furthermore, it is increasingly
certain that this heterogeneity affects the responses of
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ment, both in vitro (e.g., Abzhanov et al., 2003) and in vivo
(e.g., Lwigale et al., 2004).
The analysis of most experiments in which different
neural crest cell populations have been challenged with
different environments has been qualitative, enabling the
overall potential of a population to be identified but at the
possible expense of missing some significant population-
specific differences. Here, we have quantified the responses
of mesencephalic and trunk neural crest cells to autonomic
differentiation signals in the trunk. We have found that
migrating mesencephalic neural crest cells, grafted over the
lateral plate mesoderm in the trunk, migrate medially to
colonise host sympathetic ganglia, where many of the
grafted cells express the catecholaminergic markers dHAND
and tyrosine hydroxylase (TH). This extends to the
migrating mesencephalic neural crest cell population the
results of previous work demonstrating that premigratory
mesencephalic neural crest cells, and postmigratory ciliary
ganglion cells, can adopt a catecholaminergic fate in the
trunk (Coulombe and Bronner-Fraser, 1986; Dupin, 1984;
Le Douarin and Teillet, 1974; Le Douarin et al., 1978; Le
Lie`vre et al., 1980; Sechrist et al., 1998). Furthermore, by
quantifying the proportion of cells that express dHAND and
TH, we have demonstrated that a significant subset of
mesencephalic neural crest cells is refractory to catechola-
minergic differentiation signals in the trunk, and thus
behaves differently from trunk neural crest cells grafted in
the same location.
Approximately 15–25% fewer mesencephalic than trunk
neural crest cells express dHAND or TH in the sympathetic
ganglia at E5.5–6 (Table 2). Subsequently, the proportion of
TH+ mesencephalic neural crest cells in the sympathetic
ganglia declines, while that of TH+ trunk neural crest cells
increases. By E7.5–9, the proportion of mesencephalic
neural crest cells that is TH+ is only half that of trunk neural
crest cells (Table 2). These results show: (1) that the
migrating mesencephalic neural crest cell population is
heterogeneous in its response to catecholaminergic differ-
entiation signals in the trunk, (2) that a subset of
mesencephalic neural crest cells apparently fails to initiate
dHAND or TH expression, and (3) that a further subset fails
to maintain TH expression. Thus, a significant subset of
migrating mesencephalic neural crest cells behaves very
differently from trunk neural crest cells in response to
catecholaminergic differentiation signals in the trunk envi-
ronment. However, these results also demonstrate that many
more mesencephalic neural crest cells express catecholami-
nergic markers in the sympathetic ganglia than do so in the
ciliary ganglion during normal development, where only a
handful of ciliary neurons express dHAND or TH (this
study; Mu¨ller and Rohrer, 2002).
BMPs from the dorsal aorta have long been known to
induce catecholaminergic differentiation in trunk neural
crest cells (reviewed in Brunet and Pattyn, 2002; Goridis
and Rohrer, 2002). BMPs induce expression of dHAND insympathetic neurons (Howard et al., 2000), and forced
expression of dHAND in trunk neural crest cells leads to
catecholaminergic differentiation, both in vitro and in vivo
(Howard et al., 1999, 2000). Thus, dHAND is considered to
act as a downstream effector of BMPs in the catecholami-
nergic differentiation of sympathetic neurons. BMPs are
also necessary and sufficient for ciliary neuron development
(Mu¨ller and Rohrer, 2002), but only a very few ciliary
neurons express dHAND (this study; these results differ
slightly from a previous report suggesting that no ciliary
neurons express dHAND; Mu¨ller and Rohrer, 2002). Thus,
it seems that mesencephalic neural crest cells in their normal
environment differ from trunk neural crest cells in that they
do not express dHAND in response to BMPs; indeed, forced
expression of BMPs in the ciliary ganglion does not increase
catecholaminergic differentiation (Mu¨ller and Rohrer,
2002). In contrast, forced expression of dHAND in the
ciliary ganglion promotes a strong increase in the number of
catecholaminergic cells, confirming that dHAND promotes
and/or maintains catecholaminergic marker expression in
mesencephalic neural crest cells, as it does in trunk neural
crest cells (Mu¨ller and Rohrer, 2002).
These authors have proposed that local environmental
signals in the head repress dHAND expression, leading to
cholinergic differentiation instead of catecholaminergic
differentiation in response to BMPs. Since we have found
that a few ciliary neurons do express dHAND during normal
development (correlating well with the few cells that
maintain expression of the catecholaminergic marker TH),
any repression of dHAND expression in the head is not
absolute. Nonetheless, both previous heterotopic grafting
experiments (Coulombe and Bronner-Fraser, 1986; Dupin,
1984; Le Douarin and Teillet, 1974; Le Douarin et al., 1978;
Le Lie`vre et al., 1980; Sechrist et al., 1998) and our results
strongly suggest that such catecholaminergic-repressing
signals do exist in the head, since many more mesencephalic
neural crest cells adopt a catecholaminergic fate in the trunk
than do so during normal development in the ciliary
ganglion.
However, local environmental signals may not explain all
of the difference in behaviour of mesencephalic and trunk
neural crest cells. Our results demonstrate that a statistically
significant proportion (15–25%) of mesencephalic neural
crest cells fails to express dHAND, or to maintain TH
expression in the sympathetic ganglia, relative to trunk
neural crest cells. Since the grafted mesencephalic neural
crest cells were taken shortly after they had left the
mesencephalon, the heterogeneity in their response to
catecholaminergic differentiation signals must be present at
very early stages. Indeed, a small (less than 5%) population
of early migrating mesencephalic neural crest cells was
previously identified via its expression of a high-affinity
choline uptake-associated antigen that is also found on all
ciliary neurons (Barald, 1988a,b, 1989). A cholinergic bias in
mesencephalic relative to trunk neural crest cells was also
previously identified in cell culture experiments (Leblanc et
V.M. Lee et al. / Developmental Biology 278 (2005) 175–192 191al., 1990). However, we were unable to confirm any
cholinergic bias in the behaviour of mesencephalic neural
crest cells in vivo. Grafted trunk neural crest cells tended to
make up all or a large proportion of sympathetic ganglia on
the operated side, and these ganglia displayed less choliner-
gic differentiation than was seen in the sympathetic ganglia
on the unoperated side of the same embryos (though their
catecholaminergic differentiation was statistically the same
as that seen after isotopic control grafts or in unoperated quail
embryos). This difference in their cholinergic differentiation
relative to unoperated embryos may reflect community
effects amongst the grafted neural crest cells (see e.g.,
Trainor and Krumlauf, 2000), making it difficult for us to
compare them directly with the cholinergic differentiation of
mesencephalic neural crest cells. However, by counting the
proportion of VAChT+ cells in the sympathetic ganglia of an
unoperated quail embryo at the same axial levels as the
mesencephalic neural crest grafts, we found that there was no
significant difference in cholinergic differentiation between
mesencephalic neural crest cells and unoperated trunk neural
crest cells in the sympathetic ganglia.
In conclusion, our results confirm that local environ-
mental signals in the head are likely to repress catechola-
minergic differentiation in the ciliary ganglion. However,
they also demonstrate that the mesencephalic neural crest
cell population is heterogeneous in its response to catecho-
laminergic differentiation signals, with a statistically sig-
nificant subset being refractory to these signals and a further
subset failing to maintain catecholaminergic marker expres-
sion. It seems likely that a combination of local repressive
signals and this heterogeneity within the mesencephalic
neural crest cell population act in concert to ensure that the
great majority of ciliary ganglion neurons adopt a chol-
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